In order to solve the problem of torque ripple caused by current harmonic of induction motors (IMs) in electric vehicles (EVs) drive system, this paper presents a novel control method in the feedback channel based on morphological filters (MFs) to suppress the current harmonics. First, an analytical model of current harmonics is established, and the current harmonic composition to be filtered in the feedback channel of motor control systems is provided. Second, on the basis of filtering requirements on the feedback channel and the basic idea of mathematical morphology, a hybrid digital MF is designed. The MF is subsequently added on the current loop to suppress the current harmonic components. The shape, width and height of the structural elements of the filter are optimized by parameters comparison methods to improve the performance of the filter in harmonic suppression. Finally, compared with the method based on Butterworth Filter and without filters, simulation and experimental results verify the feasibility and effectiveness of the proposed method for suppressing harmonics.
I. INTRODUCTION
IMs are widely applied in EVs [1] - [7] because of their simple structure, convenient manufacturing, reliable operation, and low cost. The stator current contains some harmonic components because of the air gap magnetic field distortion, deadtime effect, and the non-linear characteristics of inverters. Current harmonics could cause torque ripple [8] , thereby resulting in intense electromagnetic noise in the electric drive system and subsequently affecting the comfort of passengers. Therefore, suppression of the current harmonics in IMs is the key point of EVs research.
To date, the investigation of current harmonics suppression can be classified into two classes. One is the design optimization of IM [9] - [11] . The other class is to improve the control method. When the design of IM is fixed, improvements of control methods will be the dominant way for current The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun . harmonics suppression. And improvements to the control method are usually performed on both the forward channel and the feedback channel.
Harmonic suppression in forward channels is usually achieved by feedforward compensation and improvement of pulse width modulation. Paper [12] uses hardware circuit to detect the pulse width of the switch in real time, and then obtains the deviation voltage to compensate compared with the instruction pulse width. However, this requires additional hardware devices, which increases the cost and complexity of the system. In [13] , dead-time compensation is realized by adding or subtracting dead-time in switching-on signal according to current polarity using time-based compensation method. However, this method relies on the accurate acquisition of current polarity, but the existence of zero current clamping can easily lead to the misjudgement of current polarity. Paper [14] , [15] by adjusting the number of transformations in the on-off period, the maximum amplitude of noise at the on-off frequency of switching devices is weakened, and a pulse width modulation technique with randomized pulse position is realized to suppress harmonics in the forward channel. However, this method consumes too much energy when the power device is on-off.
In order to compensate for the deficiency of harmonic suppression in forward channel and reduce the influence of space harmonics caused by motor body on control system, many scholars have made in-depth research on harmonics in feedback channel. In paper [16] , model reference adaptive control is adopted for current harmonic of MIMO system, but it is difficult to realize. On the one hand, the convergence speed and stability of different frequency control algorithms are different. On the other hand, with the increase of frequency components, the complexity and computational complexity of the algorithm increase correspondingly, and the performance of current harmonic suppression will become worse. In paper [17] , a proportional resonance controller is designed on the feedback channel to suppress specific current harmonics, which achieves good results. However, this method requires more stringent extraction of fundamental signals, which is difficult to achieve in experiments, and can only suppress harmonics at specific frequencies.
Overall, Harmonic suppression in the feedback channel can avoid the second pollution of the controller caused by forward channel control and motor body to the greatest extent, and it has strong operability. Given that many factors affect harmonic generation and the harmonic content varies with the motor speed, the traditional single compensation method based on harmonic generation factor is complex, and the effect of current harmonic suppression is not necessarily ideal. Paper [17] Suppressing the current harmonic content using filters in feedback channels is an effective method to suppress multiple current harmonics. However, the traditional filter has a long response time and poor bandwidth adjustability; therefore, it has a poor filtering effect in multiple harmonic suppression systems. Therefore, choosing the appropriate filter is the key to optimizing the current harmonics in the feedback channel.
MF are gradually applied to signal processing because of their short response time, excellent bandwidth adjustability, simple operation, and easy hardware implementation [18] - [22] . This paper presents a current harmonic suppression method for IM based on MFs. On the basis of establishing harmonic mathematical model, the parameters of MF are optimized by analyzing the harmonic characteristics of current feedback loop. In this manner, the performance of the filter is improved to effectively suppress the current harmonic content of d-and q-axis in the current loop and the harmonic content of motor phase current.
In this work, the current model of IM in dq-axis is given, and the method of current harmonic suppression is analyzed. On the basis of mathematical morphology, a system structure based on the harmonic suppression method of MF is designed. A method of parameter design of MF is also obtained by simulation analysis, and the proposed harmonic suppression method is verified by simulation. Finally, the proposed harmonic suppression method is tested on the experimental platform of IM. 
II. CURRENT HARMONIC COMPONENTS ANALYSIS
A motor drive-based method on vector control [23] , [24] is introduced in this paper to accurately analyze the harmonics of a motor drive system. The structure diagram of IM drive system is shown in Fig. 1 . The driving system sampled threephase current i a , i b , i c and rotor position signals as input signals. Modulation by space vector pulse width modulation (SVPWM) algorithm. In accordance with the generated SVPWM waveform, the inverter switch is turned on to generate the voltage, and the closed-loop control is finally realized.
Considering the non-linear characteristics of the inverter and the existence of air gap magnetic field distortion, the three-phase voltage and current waveforms of the motor will be distorted. Numerous current harmonics also appear in the stator, of which 5th, 7th, 11th, and 13th order current harmonics are dominant [25] - [27] . Considering the four aforementioned dominant current harmonic components of phase current and voltage, the current formula of i a , i b , i c in Fig. 1 can be expressed as follows: 
where I 1 is the amplitude of fundamental wave, I 5 , I 7 , I 11 , and I 13 are the amplitude of the 5th, 7th, 11th, and 13th order harmonic components, respectively, θ 5 , θ 7 , θ 11 , and θ 13 are the different orders of harmonic initial phase. Using the Clarke transform and Park transform, the current harmonic components on the ABC axis can be transformed as the current harmonic components on the dq-axis. i d and i q on the dq-axis are then expressed as follows:
+I 11 sin(−12ωt+θ 11 )+I 13 sin(12ωt+θ 13 )+· · · i q = I q +I 5 cos(−6ωt+θ 5 )+I 7 cos(6ωt+θ 7 ) + I 11 cos(−12ωt+θ 11 )+I 13 cos(12ωt+θ 13 
where I d and I q are the DC components on the dq-axis.
In the motor control system, the proportional-integral (PI) controller to adjust the current signal on dq-axis. The PI controller can only track DC signals without static error, current harmonics cannot be optimized by the PI regulator. After the current harmonics pass through the feedback channel, a new modulation signal is generated. Simultaneously, the voltage modulation signal generated by the 5th-, 7th-, 11th-, and 13th-order current harmonics is generated. Voltage modulation signals U a , U b , and U c are shown as follows:
where U 5 , U 7 , U 11 , and U 13 are the amplitude of the 5th-, 7th-, 11th-, and 13th-order harmonic voltage modulation signals, respectively. Therefore, Ua, Ub, and Uc in Fig. 1 are shown as follows:
where U oa , U ob , and U oc comprise three-phase pulse width modulation signal produced with I d and I q by wave generating algorithm. Formulas (3) and (4) show the generation of new harmonic voltages after the flow of the 5th-, 7th-, 11th-, and 13th-order current harmonics into the feedback channel, thereby further producing current harmonics. Fig. 2 shows the current harmonics of the feedback channel will be superimposed on the next wave-generating cycle.
In the motor drive system, in addition to the harmonics generated by the non-linear characteristics of inverters, the current harmonics in the feedback channel increase the corresponding orders of the current harmonics. Therefore, suppressing the current harmonics in the feedback channel is an effective way to reduce the harmonic contents in the stator current of the motor.
III. HARMONIC SUPPRESSION METHOD BASED ON MF A. PROPOSED CONTROLLER DESIGN
A harmonic suppression method based on MF is proposed to suppress the harmonic components in the current and reduce the current harmonics in the phase current of IM.
The feedback current in dq-axis includes DC components and alternating current (AC) components. The PI controller can only adjust the error of DC components but ignores the suppression of AC components. A current harmonics suppression method based on MF is proposed in this paper. The DC and AC components in the dq-axis are respectively adjusted and suppressed to optimize the current control effect.
The block diagram of the current loop system based on MF current harmonics suppression method is shown in Fig. 3 . i d and i q are the current signals on dq-axis, i * d and i * q are the reference currents of current loop on dq-axis, and SVPWM is the wave module of the motor control algorithm. As shown in Fig. 3 , the controller cascades MF with traditional PI current controller to form a new current controller. The three-phase current of the motor is filtered by MF on the dq-axis and then adjusted by the PI regulator. That is, the AC signals cannot be adjusted; therefore, the modulation voltage waveform must be optimized and the harmonic contents in the motor phase current must be reduced to optimize the effect of the current controller.
B. DESIGN OF MF
In the motor control system, the harmonic content of the motor current is increased because the AC components in the dq-axis are superimposed on the stator current of the motor. Therefore, the current harmonics can be effectively reduced by eliminating the AC components in the dq-axis. MF is based on set theory and extracts the object features by processing signals using structural elements, which can be considered as a moving window, slides through the signal, interacts with the samples covered by the window, and detects specific features in the signal. It includes two basic operations, namely, erosion and dilation.
The basic idea of mathematical morphology is used to select linear structural elements to process AC signals in this paper. f is set as current waveform discussed, wherein f (n) is a function of discrete current, that is, the signal to be processed. The domain of definition is F = (0, 1, 2 . . . N −1). g(n) is a function of structural elements, and the domain is defined as G = (0, 1, 2, . . . M − 1), N ≥ M . The definition of dilation and erosion of signal f (n) to be processed by structural element g(n) is as follows:
where ⊕ and denote dilation and erosion, respectively. 
where • and • denote open and close operations, respectively. The open and close operations of the same signal using linear structural elements are shown in Fig. 5 . The morphological open operation is used to filter the peak noise above the signal, thereby resulting in a small output waveform amplitude. Meanwhile, the close operation can be used to suppress the valley noise below the signal, thereby resulting in a large output waveform amplitude. Considering the mathematical operation characteristics of mathematical morphology and the requirement of eliminating harmonics in motor drive systems, the morphological open operation is combined with close operation to construct a hybrid filter to improve the filtering accuracy. If the output signal of the filter is expressed in y(n), then the expression of the morphological hybrid filter is as follows:
The processing effect of linear structured element hybrid filter is shown in Fig. 6 . The hybrid filter can process above and below the signal well, and maintain the original characteristics of the required signal. After filling the linear structure elements, the sinusoidal degree of the original signal considerably decreases, and the processed waveform approaches a DC value. A hybrid MF is used to filter harmonics in this paper. By optimizing the parameters of the hybrid filter, the filter can be applied in the motor drive system to suppress its harmonic content.
C. PARAMETER DESIGN OF MF
The proposed MF uses structural elements, such as shape and scale, to complete signal processing through a series of morphological operations. The selection of the structural elements of the MF, such as shape, width, and height, directly affects the signal processing effect. And it also considerably influences the performance of the filter.
In this chapter, the influence of MF with different parameters on the performance of filters from the three aforementioned factors is discussed and the filter parameters are optimized to suppress the current harmonics in the feedback channel. Given that the d-axis and the q-axis currents are symmetrical, only the d-axis current is discussed Fig. 7 shows the waveform of i d on dq-axis. In the first section, the signal is the superposition of the 6th-and 12th-order harmonic of fundamental wave and DC, respectively. The 5th-, 7th-, 11th-, and 13th-order harmonics in the phase current of the motor can be effectively suppressed by filtering the 6th-and 12th-order harmonics on dq-axis. Because the MF works by using structural elements as a moving window to slider though the signal, the shape of structural elements should generally be chosen in accordance with the shape and the signal to be processed. In this paper, linear and semi-circular structural elements are selected for signal processing to eliminate the AC in the signal. The processing effect is shown in Fig. 8 . As shown in Fig. 8 , the signal curve from the processing of linear structural elements is smooth, the clutter component is less, and the DC signal is easily obtained. Therefore, linear structural elements are used in constructing the MF to obtain DC components and optimizing the width and height of structural elements to achieve improved waveform processing effect.
Due to the different filter indicator settings, the choice of the width of the structural elements is also different. In this paper, a general method for selecting the width of structural elements is proposed by taking linear structural elements as an example. The width of structural elements is selected based on harmonic frequency. Fig. 9 shows the results of the original signal processing by linear structural elements with 10, 25, 35, 50, and 100 sampling points as the width of structural elements.
As shown in Fig. 9 , the width of the figure is expressed as the number of sampling points. With the increase in the width of the structural element, the fluctuation of the curve signal after the filter processing gradually decreases. When the width of the structural element reaches a certain value, the signal tends to be the DC value. When the selected linear structural elements reach a certain value in width, the signal becomes distorted, and the details of the original signal are lost. The obtained signals are a mosaic of the structural elements.
When choosing the width of the structural element, if the width of the selected structural element is excessively large, then the signal noise with low frequency can be filtered. However, some details of the original signal are lost, and the processing time increases. If the width of the selected structural element is excessively small, then the details in the signal can be well preserved but not well suppressed. Signal noise with low frequency is controlled. For linear structural elements, the width of structural elements is selected on the basis of the harmonic frequency to be filtered. The width of MF structural elements is larger than the maximum width when each harmonic is filtered separately. The formula for selecting the width of structural elements of MF is given. When MF is used to filter a single harmonic, the formula for selecting the width of structural elements of MF is as follows:
where l is the length of the structural element, f is the fundamental frequency, s is the sampling step, and || is the integer symbol. The height of the linear structural elements refers to the magnitude of structural elements. The effect of the linear structural element on signal processing when the height of the structural element is set to one unit is shown in Fig. 5 .
A deviation occurs in the obtained direct flow due to the expansion of the filter dilation operation and the contraction of the erosion operation. As shown in Fig. 5 , the amplitude of the DC signal fluctuates upward or downward after the noise signal is processed by linear structural elements. The correct height selection of linear structural elements can reduce the deviation. In this paper, linear structural elements with heights of 0.1, 1, 10, 20, and 30 are selected to process the original signal, and the results are shown in Fig. 10 . The effect of linear structural elements with different heights on signal processing is shown in Fig. 10 . As shown in the figure, the deviation decreases as the height of the structural elements increases. The ideal curve can be obtained when the height of structural elements is between 20 and 30. After numerous simulation verifications, the linear structural element with a height of 23 is selected.
Therefore, a linear structural element with a height of 23 is chosen, and the current suppression method is optimized by choosing the width of the structural element in accordance with the frequency range of the fundamental wave. Thus, the AC components under q-axis in the feedback channel of the motor control system can be filtered, the DC components can be retained, and the current control effect can be optimized.
D. SIMULATION RESULTS AND ANALYSIS
A total of 1.1 kW IM is taken as the controlled object, an IM simulation model with current harmonic suppression module is built, and the performance of harmonic suppression is analyzed to verify the effectiveness of this harmonic suppression algorithm. The IM parameters are given in Table 1 . The validity of the algorithm is verified by setting the voltage drop and dead time of the inverters and introducing current harmonic. The parameters of the inverters are given in Table 2 .
In simulation, the load torque is set to 10 N.m, the deadtime of the inverter is set to 40 µs, the DC voltage is 310 V, the motor control mode is space vector control, the sampling time of the simulation system is set to 0.00001 s, and the frequency of the PWM is set to 10 KHz. The comparative test is conducted with different given speeds. When the speed is set to 100 r/min, the simulation waveform of ABC three-phase current is obtained as shown in Fig. 11 . The current control effect of the proposed method is compared with that of the current suppression method without filter and the current suppression method based on Butterworth filter to verify the effectiveness and superiority of the proposed method. Fig. 11 shows that when the filter is not used, the threephase current is evidently distorted, and the current ripple is large due to the existence of current harmonics. When the current suppression method based on Butterworth filter is used, the three-phase current distortion is improved, and the ripple is reduced. By using the current suppression method based on MF, the current distortion is effectively improved, the current waveform is close to the standard sine, and the current ripple is considerably reduced. Fast Fourier transform (FFT) of phase A current of three-phase current is used to analyze the content of each harmonic and the total amount of harmonics. The results are shown in Fig. 12 .
The FFT results of phase A current are shown in Fig. 12 . When the filter is not used, the fundamental wave frequency of phase A current is 11.03 Hz, and the total harmonic distortion (THD) is 8.82%. The 5th-, 7th-, 11th-, and 13th-order harmonics are 3.75%, 2.9%, 2.01%, and 1.82% of the fundamental wave, respectively. When using the current suppression method based on Butterworth filter, the obtained A-phase current is transformed by FFT as shown in Fig. 12(c) , and the THD of A-phase current is 7.01%. The contents of 5th-, 7th-, 11th-, and 13th-order harmonics are 2.97%, 2.51%, 1.11%, and 1.03%, respectively. The THD of phase current decreases by 20.5%, and the 5th-, 7th-, 11th-, and 13th-order harmonics decrease by 20.8%, 13.45%, 44.8%, and 43.4%, respectively. When using the proposed current suppression method based on MF, the FFT results of the obtained current are shown in Fig. 12 (b) . The current THD of phase A is 4.76%, and the total harmonics are decreased by 46.03%. Among them, the contents of 5th-, 7th-, 11th-, and 13th-order harmonics are 2.93%, 1.11%, 1.08%, and 0.22%, respectively. The 5th-, 7th-, 11th-, and 13th-order harmonics are decreased by 21.87%, 61.72%, 46.27%, and 87.91%, respectively.
The three-phase current of ABC when the speed is set to 500 r/min is shown in Fig. 13 . At this time, the fundamental frequency of the current is 24.84 Hz. By comparative analysis, compared with no filter and Butterworth filter, the current harmonics of the proposed MF filter are well suppressed, the motor current waveform is considerably improved, the harmonic content is reduced, and the sinusoidal degree is substantially enhanced.
The FFT results of phase A current in the three-phase current are shown in Fig. 14. Speed is set to 500 r/min. Fig. 14 (a) shows that the THD of phase A current is 8.75% with the absence of filters. Fig. 14 (c) shows that the 5th-, 7th-, 11th-, and 13th-order harmonics of phase A current are decreased by 26.65%, 24.80%, 74.15%, and 80.23%, respectively, the THD of phase current is 6.62%, and the total harmonics are decreased by 24.34%. Fig. 14 (b) shows that when using MF, the 5th-, 7th-, 11th-, and 13th-order harmonics are decreased by 22.08%, 71.16%, 81.25%, and 82.55%, respectively, the phase current THD is 4.94%, and the total harmonics are decreased by 43.54%.
In summary, the proposed method based on MF can effectively suppress the harmonic generation of phase current. The proposed method is more efficient and effective than the current suppression method based on Butterworth filter and that without filter. Furthermore, the method shows improved harmonic suppression performance.
IV. EXPERIMENTAL VERIFICATION
The proposed method based on MF is experimentally validated and compared with the current waveform obtained by the control method without filter and based on Butterworth filter to further verify the effectiveness of the control method for harmonic suppression. The hardware platform used in the experiment is shown in Fig. 15 . As shown in Fig. 15 , the proposed control method is implemented on the core DSP control board based on TMS320F28335. And the drive board contains IPM and current sensor. Experiments are conducted on the platform of space vector control algorithm using IM of 1.1 KW. The specific parameters of IM are shown in Table 1 , the specific parameters of the inverters are presented in Table 2 . As shown. The photoelectric encoder is used to obtain the motor speed and motor position signal. The current sensor is used to collect the current and sent to the main control chip in the control board. The oscilloscope and the host computer software read the current acquisition value. The sampling frequency of the host computer software is 0.001 s. The modulation frequency of PWM is approximately 18 KHz, the dead time is set to 6.7 µs, and different rotational speeds are set for testing.
When the rotational speed is 200 r/min, the phase A current waveform in the three-phase current is collected, as shown in Fig. 16 . At this time, the fundamental frequency of the current is 8.7 Hz. The phase A current curve obtained by using the three different current suppression methods are shown in Fig. 16 .
When the filter is not used in the control system, the obtained phase A current waveform is shown in Fig. 16(a) . On the basis of the partial enlarged detail of current waveform, the current signal has additional burrs and poor sinusoidal degree with the absence of filters. When the control method based on Butterworth filter is used for optimization, the current waveform is shown in Fig. 16 (b) . As shown in the current local amplification diagram, the current waveform is improved, and the burr signal begins to decrease. When the controller based on MF is used, the current waveform is shown in Fig. 16 (c) . In the current local amplification diagram, the current waveform is evidently improved, the current burr signal is reduced, and the current sinusoidal degree is increased. Therefore, compared with without filters and based on Butterworth, current suppression method based on MF can optimize current and reduce current harmonics. One of the periods of the above signals is taken for FFT, and the 5th-, 7th-, 11th-, and 13th-order harmonics in the signals are analyzed. Fig. 17 shows the spectrum analysis of the IM when the frequency of phase A current is 8.7 Hz. Fig. 17 (a) is the result of performing a FFT on the current waveform obtained without using a filter. Fig. 17 (b) is the FFT result using the phase A current obtained by Butterworth filter. Fig. 17(c) is the FFT result using the phase A current obtained by MF. When without filter, the 5th-, 7th-, 11th-, and 13th-order harmonics of phase A current respectively have 7.36%, 5.69%, 4.4%, and 4.32% of the fundamental wave content compared with those of the fundamental wave. When the Butterworth filter is used, the 5th-, 7th-, 11th-, and 13th-order harmonics in phase A current are 6.26%, 3.65%, 2.24%, and 2.02%, respectively, compared with those in the fundamental wave, and are respectively decreased by 14.95%, 35.85%, 49.09%, and 53.24% compared with those without using filter. When MF is used, the 5th-, 7th-, 11th-, and 13th-order harmonics in phase A current are respectively 4.48%, 2.98%, 1.55%, and 1.5% in contrast to those of fundamental current and are decreased by 39.13%, 47.63%, 64.77%, and 76.85%, respectively.
As shown in Fig. 18 , when the speed is 300 r/min, the waveforms of phase A current in the three-phase current are collected by using different current suppression methods. Fig. 18 (a) , (b), and (c) show phase currents obtained by without filter, based on Butterworth filter, and MF, respectively. The fundamental wave of phase current is 13.3 Hz. When no filter is used, the A-phase current shows additional burr signals, and the harmonic content of the signal is relatively high. When Butterworth filter is used, the burr signal of phase A current begins to decrease, but the sinusoidal degree of the signal is low, and the current signal still contains certain harmonics. When MF is used, the phase A current is relatively smooth, the burr signal is evidently reduced, and the harmonic content is substantially reduced.
Similarly, FFT is performed on one of the periods of the phase A current signals collected above, and the results are shown in Fig. 19 .
As shown in Fig. 19 , the 5th-, 7th-, 11th-, and 13th-order harmonics of phase A current are decreased by 18.35%, 50.6%, 43.8%, and 49.87%, respectively, when Butterworth filter is used compared with that without filter. Compared with without filter, the 5th-, 7th-, 11th-, and 13th-order harmonics of -phase A current are respectively decreased by 44.81%, 50.62%, 57.97%, and 63.61% by using MF.
Therefore, when the current harmonic suppression method based on MF is adopted, the harmonic content in the phase current of the motor is smooth, the distortion is low, and the harmonic content is evidently reduced.
V. CONCLUSION
Aim at suppressing the current harmonic of IM, this paper proposed a new control method. In this method, a new controller based on MF is used in the motor control system in the feedback channel. The simulation and experimental results demonstrated that the proposed controller can significantly suppress the current and reduce the stator winding current harmonics. There are three main contributions in this paper.
1) The current harmonic model is established, the ABC coordinate system and dq-axis harmonic components in the motor control system are analyzed.
2) The hybrid MF is designed, the method of selecting structural elements of hybrid MF is given, and the effects of structural elements of different shapes, lengths, and widths on the performance of filters are analyzed.
3) The new control method based on the MF proposed can suppress the current harmonic components in the feedback channel. And the stator winding harmonic of IM is suppressed by suppressing the harmonic current components in the feedback channel.
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